We report a photothermal nanoblade that utilizes a metallic nanostructure to harvest laser pulse energy and convert it into a localized explosive vapor bubble, which rapidly punctures a lightly-contacting cell membrane via high-speed fluidic flows and induced transient shear stress. Integrating the metallic nanostructure with a micropipette, the nanoblade generates a micron-sized membrane access port for delivering concentrated cargo (5×10 8 bacteria/ml) with high efficiency (46%) and cell viability (>90%) into mammalian cells. Additional biologic and inanimate cargo over 3-orders of magnitude in size including DNA, 200 nm polystyrene beads to 2 μm bacteria have been delivered into multiple cell types.
INTRODUCTION
Transferring cargo into mammalian cells over a wide range of sizes, including proteins, DNA, RNA, chromosomes, nuclei, and inanimate particles, such as quantum dots, surface-enhanced Raman scattering (SERS) particles, and microbeads is highly desirable in many fields of biology. Delivery methods, such as endocytosis, can entrap cargo in an endosome, where the low pH microenvironment and lytic enzymes often lead to cargo degradation [1] . Viral and chemical delivery methods package the cargo inside a virus or form chemical complexes that enhance uptake. However, toxicity, cell-type specific uptake, and more importantly limited cargo packing capacity impose a significant constraint on cargo size and transferable cell types. Physical transfer methods include electroporation [2] and sonoporation [3] , which produce randomly distributed nanoscale pores, and optoporation [4] , which generates pores on the cell membrane at the laser focal point. Through these pores, small cargo is delivered into cells by thermal diffusion or by an electric field. Delivery of large cargo with these methods has low efficiency due to the slow speed of cargo diffusion and decreasing cell viability with increasing pore size. Microcapillary injection [5] uses a sharp glass tip to mechanically penetrate a cell membrane for delivery. However, mechanical trauma from membrane penetration limits the typical pipette tip to 0.5 µm in diameter in order to maintain cell viability [6] . Cargo larger than the pipette tip cannot be injected due to pipette clogging and cargo shearing. One of the major technical barriers is the lack of an ability to open large access ports in cell membranes with minimal damage to mechanically fragile, elastic, and three-dimensional cell membranes.
Collective electron oscillations on metallic nanostructures, known as surface plasmons, have intriguing optical properties. By controlling the three-dimensional configuration of such structures, specific resonance frequencies and optical absorption properties can be designed [7] . The kinetic energy of oscillating electrons driven by applied electromagnetic fields is converted into lattice heat in picoseconds [8] , which heats up the surrounding medium through thermal conduction.
Such metallic nanostructure-guided photothermal effects have been shown to guide nanowire growth [9] , actuate micro-and nanoscale fluids [10] and provide photothermal cancer therapy [11, 12] . An interesting phenomenon occurs when a metallic nanostructure is immersed in aqueous media and heated rapidly with a short laser pulse. A substantial temperature rise is realized in the nanostructure and in the thin surrounding liquid layer over the laser pulse duration. Upon surpassing a threshold energy that superheats the liquid medium, part of the absorbed optical energy is converted into mechanical work through inducing explosive cavitation bubbles that generate localized and high speed fluid flows [10] . It has been demonstrated that gold nanospheres adhered to a mammalian cell membrane and exposed to nanosecond laser pulses generates randomly distributed nanoscale cavitation bubbles and transient membrane pores for small molecule delivery by diffusion, or can cause membrane rupture and cell death if the induced cavitation bubbles are large [12, 13] .
PRINCIPLE
Here, we developed a photothermal nanoblade that is a metallic nanostructure integrated with a microcapillary pipette ( Figure 1 ). The photothermal nanoblade harvests optical pulse energy to trigger spatially patterned, temporally synchronized cavitation bubbles that generate high-speed, localized fluidic flows. If a soft material or fragile structure, such as a cell membrane, is in contact with the photothermal nanoblade, the ultrafast and localized flow is able to puncture the membrane near the contact area with little mechanical perturbation to the rest of the structure. Membrane cutting is produced by the strong transient mechanical shear stress from the
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laser-induced cavitation bubble [14, 15] . A delivery portal in the cell membrane is thereby generated without advancing the attached micropipette into the cell. During cutting, the blade is in gentle contact with the membrane, eliminating the need for strong mechanical support underneath the membrane. This new device allows intracellular delivery of variably sized objects, from biomolecules to bacteria, into soft mammalian somatic cells with high efficiency and cell viability. 
EXPERIMENT SETUP AND METHODS
To demonstrate the photothermal nanoblade, a 100 nm thick titanium (Ti) thin film was deposited onto the tip of a glass microcapillary pipette with a 2 µm tip diameter (Figure 2a,b) . The Ti coated micropipette is mounted on a motorized micromanipulator arm on an inverted microscope stage. With the micropipette tip positioned in light contact with a cell membrane, a 6 ns Nd-YAG laser pulse at 532 nm wavelength illuminated a 260 µm-wide field through the objective lens. Pulsed laser exposure rapidly heats the Ti and adjacent thin water layer to induce a localized vapor bubble explosion along the ring-shaped Ti thin film that cuts the contacting cell membrane. The process, from laser pulsing, Ti heating, cavitation bubble expansion and collapse, takes only a few hundred nanoseconds. Pressure-controlled delivery of fluid and cargo inside the micropipette is synchronized with laser pulsing and membrane cutting.
Titanium (Ti)-coated micropipettes were fabricated by heating and pulling (P-97, Sutter Instrument) a 1 mm diameter borosilicate glass capillary tube, followed by Ti thin film deposition onto the tapered ends using a magnetron sputter deposition system. The Ti coating thickness and the micropipette tip diameter were quantified using a scanning electron microscope.
The 3D finite difference time domain (FDTD) method was used to simulate the electromagnetic intensity pattern (FullWAVE, RSoft Design Group). The simulation domain was constructed with a water medium region ( water 1.34 n = ) and a glass micropipette ) with the electric field polarized along y and the wavevector k making a 30-degree angle with respect to the pipette tip.
Time-averaged intensity profiles in Ti, 2 ave 
E
, were obtained by averaging the normalized electric energy density over one electromagnetic wave oscillation.
RESULTS

Simulation of Optical Intensity Patterns on the Photothermal Nanoblade
The cavitation bubble pattern is controlled by the thin film composition and configuration, as well as laser excitation parameters including wavelength, pulse duration, and energy. Figure 2d shows the calculated intensity patterns on a laser-excited, Ti-coated micropipette using 3D finite difference time domain (FDTD) simulations. The Ti-coated micropipette is illuminated at an angle of 30 degrees with respect to the tip. Plasmon-enhanced optical absorption (
) is non-uniform across 2 µm wide Ti ring for linearly polarized light (Figure 2d ). High intensity areas are concentrated on the edges of the rings along the wave polarization direction. The temperature distribution in the Ti ring is governed not only by the heat generated in these high intensity areas, but also by heat diffusion to the cooler metal regions and surrounding medium during laser pulsing. In the Ti film on the micropipette, the estimated heat diffusion length (~Dτ ) is 230 nm in 6 ns. This results in a smoother temperature profile along the entire ring-shaped pipette tip. Consequently, thermal energy conducting away from the Ti film heats the adjacent thin water layer to above the critical temperature [10] , generating a vapor nanobubble on the ring-shaped micropipette tip (Figure 3a) .
Cavitation Bubble Induced Membrane Cutting and Corresponding Cell Viability
For micron-sized cargo delivery into live mammalian cells, a transient membrane portal must accommodate the cargo size. Moreover, the damage zone must also be contained to allow cell repair and maintain viability. Figure 3a shows cavitation bubbles at the tip of a tilted Ti-coated micropipette 70 nanoseconds after laser pulse irradiation. A dramatic reduction in the bubble size was observed when the tip was in contact with the cell membrane as this interaction impedes bubble expansion. In this case the bubble grew to a maximum radius of 400 nm away from the rim of the tip in 70 ns and collapsed completely within 200 ns after the excitation laser pulse (Figure 3a,b) . The blade tip never enters the cell so intracellular structural integrity is preserved, which helps foster rapid, reparative pore resealing, as evidenced by sustained cell viability (Figure 3c ). Cell viability was determined by annexin V and propidium iodide (PI) exclusion staining 90 min following laser pulsing. Under these conditions, >90% cell viability was obtained with laser pulsing and bubble explosion alone at an optimal laser fluence of 180 mJ/cm 2 , or when coupled with buffer injection into HeLa or HEK293T cells. Monitoring photothermal nanoblade treated cells over 24 hr showed that cells stayed viable and continued to grow and divide as usual. 
Biomolecules and Bacteria Delivery by the Photothermal Nanoblade
We tested the delivered cargo size range using the photothermal nanoblade on various cell types. GFP-expressing RNA was efficiently delivered into lipofectamine-resistant IMR90 primary human lung fibroblasts and a DsRed-containing lentivirus coated onto 100 nm green fluorescent polystyrene beads was successfully expressed in dispersed human embryonic stem cells following injection. Fluorescent beads of 200 nm in diameter were delivered without clogging, as were micron-sized bacteria (Figure 4) . We further evaluated an intracellular bacterium as the largest and most fragile cargo delivered by this approach. Burkholderia thailandensis is a rod-shaped bacteria measuring ~0.7×2 µm. To determine injection efficiency, GFP-labeled bacteria were suspended in buffer at a concentration of ~5×10 8 per ml, 2 orders of magnitude higher than conventional microinjection [17] . High cargo concentration is critical in achieving high delivery efficiency since the liquid volume delivered into a cell is limited to ~1 pl. Without a high concentration, the frequency of ejecting 1 bacterium per injection is low. In our experiment, upon laser pulsing and cell membrane opening, 1-5 pl of the bacterial solution was ejected out of the pipette, corresponding to an average of ~1 bacteria per injection. Not all the ejected solution was delivered into the cell since the pipette tip was in light contact with the cell membrane, and the bore of the pipette was not in a perfect seal with the membrane after cutting. Under this condition, we obtained an average delivery efficiency of 46% from multiple independent experiments. We further evaluated the natural bacterial invasion efficiency in HeLa cells by incubating cells with B. thailandensis for 2 hr. The delivery efficiency by photothermal injection is 2 orders of magnitude higher than the natural HeLa cell infectivity of B. thailandensis of 0.8%. Importantly, bacteria remained viable and were protected from destruction during bubble cycles within the glass pipette and from shearing during injection by the large bore tip opening as verified by bacteria multiplication and actin polymerization [18] in the injected cells 24h after transfer (Figure 4e ).
CONCLUSIONS
The photothermal nanoblade holds promise for delivering currently untransferable large cargo into mammalian cells, such as chromosomes, organelles, and intracellular pathogens that are beyond the size constraints of contemporary delivery approaches. The photothermal nanoblade does not operate under any specific surface plasmon resonance modes in current demonstration. Further optimization of the metallic nanostructure to match the excitation laser wavelength could reduce the threshold laser energy for exciting cavitation bubbles. 
